The CREM gene encodes both activators and repressors of cAMP-induced gene expression. An isoform of CREM encodes the powerful transcriptional repressor ICER (Inducible cAMP Early Repressor), which has been shown to be inducible by virtue of an alternative, intronic promoter. The CREM gene belongs to the early response class and displays a characteristic neuroendocrine cell-and tissue-speci®c expression. To date ICER inducibility has been described in non-replicating, terminally dierentiated tissues. In this paper we document a robust induction of CREM expression in the regenerating rat liver after partial hepatectomy. This represents the ®rst link of inducible CREM expression to the phenomenon of cellular proliferation. Furthermore, it represents the ®rst example of transcriptional activation of a cAMP-responsive factor in the regenerating liver. This has signi®cant physiological relevance since the adenylate cyclase signalling pathway is strongly implicated in liver regeneration. Finally, we show that the repressor ICER is inducible in the hepatoma cell line H35 upon activation of the adenylate cyclase and phosphorylation of the activator CREB.
Introduction
Cells adjust their programme of gene expression in response to external signals by activation of a number of dierent signal transduction pathways. Various stimuli modulate the activity of adenylate cyclase via G-protein-coupled receptors. Resulting increases in cAMP levels are responsible for the activation of cAMP-dependent Protein Kinase A (PKA), which in turn phosphorylates target protein substrates (McKnight et al., 1988; Roesler et al., 1988) . Among these are tanscription factors which bind to cAMPresponsive promoter elements (CREs) present in the regulatory region of various genes (Sassone-Corsi, 1995) . In the liver, the cAMP-responsive signalling pathway plays an important role in gene regulation. Indeed, it has been shown that modulation of liverspeci®c gene expression is correlated with increases of cAMP levels (Diehl et al., 1996) , modulated expression of G-protein subunits, adenylate cyclase (Diehl et al., 1992) or PKA (Ekanger et al., 1989) .
CRE-binding factors consist of a family of both activators and repressors of transcription (Hai et al., 1989; Foulkes et al., 1991) . The transcriptional activator CREB was the ®rst member of this class to be described (Hoeer et al., 1988) . It has been found that CREB function is tightly regulated by phosphorylation (Yamamoto et al., 1988) . Speci®cally, direct phosphorylation by PKA of a serine residue in position 133 converts CREB into a powerful activator (Gonzales and Montminy 1989) . Additional studies have demonstrated that transcriptional regulation via this class of factors may involve more complex mechanisms of alternative phosphorylation and generation of various protein isoforms (Laoide et al., 1993; de Groot et al., 1993; Lalli and Sassone-Corsi 1994) .
At least ten genes have now been cloned encoding nuclear proteins which bind to CREs (Lalli and Sassone-Corsi 1994) . Among these genes, CREM (CRE modulator) appears to play a priviliged role in neuroendocrine systems. The modular structure of the CREM gene combined with alternative splicing and alternative translation initiation generates a family of dierent isoforms (Foulkes and Sassone-Corsi 1992; Laoide et al., 1993) . These function as both activators and repressors and have characteristic organ-and tissue-speci®c expression pattern. The use of an alternative promoter (P2) lying near the 3' end of the gene, generates the cAMP-inducible repressor isoform ICER (Inducible cAMP Early Repressor) . Elevated ICER expression is characteristic of neuroendocrine tissues (SassoneCorsi, 1995) .
The involvement of cAMP-responsive transcription factors in liver function is poorly understood, although several lines of evidence indicate that cAMP is a major signal transducer in hepatocyte physiology (Tomlinson et al., 1985; Howslay et al., 1986; Boshart et al., 1990; Nichols et al., 1992) . A role for CREB phosphorylation in the regulation of liver gene expression has been postulated (Boshart et al., 1990) . To explore the role of nuclear targets of the cAMP pathway in liver function, we have analysed the expression of dierent CREM isoforms in liver and in the rat hepatoma cell line Reuber H35. H35 cells retain many hepatocyte properties and in particular respond to insulin (Koontz and Iwahashi 1981; Taub et al., 1987) . In this paper we document a remarkable pattern of ICER expression in liver cells which implicates the CREM gene as a major player in the cAMP-regulated response of hepatocytes.
Partial Hepatectomy (PH) triggers coordinated hepatocyte proliferation which ensures complete reconstitution of the liver mass (Butcher, 1963; Michalopoulos, 1990; Fausto and Webber, 1994; Steer, 1995) . This process has been used extensively as a model system to study mechanisms regulating cell growth and proliferation. A multitude of signalling pathways are activated during liver regeneration (Diehl and Rai, 1996; Michalopoulos, 1990) . During the ®rst hours following partial hepatectomy, glucocorticoids are involved in the regulation of gene expression. In addition, it has been shown that glucagon and adrenalin direct an increase in intracellular cAMP levels during the ®rst 2 ± 6 h (Garcia- Sainz et al., 1989; Diehl et al., 1992) . A second peak of cAMP occurs before the ®rst round of mitosis (MacManus et al., 1972; Diehl et al., 1992) . Previous studies have documented associated changes in the expression of PKA subunits (Ekanger et al., 1989) and have strongly implicated cAMP in the regulation of hepatocyte proliferation (Leert et al., 1988) . Here we describe robust ICER induction upon PH and thus implicate, for the ®rst time, the nuclear targets of the cAMP pathway in liver regeneration.
Results

Activation of ICER in the Hepatoma cell line H35
Given the role of cAMP in the regulation of hepatocyte function and gene expression, we investigated the expression of CRE-binding factors in the H35 hepatoma cell line upon treatment with forskolin or dbcAMP. We ®rst tested for phosphorylation of the CREB and CREM activator proteins by Western blot using an antibody speci®c for the phosphorylated form of these proteins (Ginty et al., 1993) . The serine residue recognized by this antibody (Ser-133 for CREB, Gonzales and Montminy 1989; Ser-117 for CREM, de Groot et al., 1993) is the target site for phosphorylation by PKA and thus constitutes the link between activated PKA and gene expression. By using an antibody which speci®cally recognize the phosphorylated form of CREB (Ginty et al., 1993) , we observe a rapid phosphorylation of CREB, 15 min after treatment of H35 cells with forskolin. The same antibody also recognizes the phosphorylated CREMt activator (Monaco et al., 1995) . Phosphorylation peaks very early and starts to decay already by 30 min, to then reach basal levels by 4 ± 8 h ( Figure 1a ). Western blot analysis of CREB expression shows that the overall amount of the protein does not change during the cAMP induction ( Figure 1a ).
We have previously described that transcription of the cAMP inducible repressor ICER is activated upon CREB phosphorylation via four tandemly repeated CRE elements in the P2 promoter of the CREM gene . To date ICER inducibility has been predominantly observed in neuroendocrine cells and has been related to the repression of speci®c genes in these cells (Stehle et al., 1993; Molina et al., 1993; Lalli and Sassone-Corsi, 1995; Monaco et al., 1995) . We thus wished to test whether the cAMP-mediated induction of CREB phosphorylation observed in hepatoma cells might result also in an increase of ICER levels in these non-neuroendocrine cells. Indeed, a rapid induction of ICER mRNA was observed by RNAse protection assay after treatment with forskolin ( Figure (Ginty et al., 1993) . The duration of treatment is indicated. Lane 1, control of untreated cells. Phosphorylation of CREB occurs very rapidly (15 min, lane 2) and then gradually decays. The anti-phospho-CREB antibody also recognizes the CREMt protein phosphorylated at position S-117 (de Groot et al., 1993; Monaco et al., 1995) . This is visible as a doublet with phospho-CREB in the western blot. (b) Induction of CREM expression in H35 hepatoma cell line. RNAse protection analysis of CREM transcripts after forskolin treatment using the p75 riboprobe (Stehle et al., 1993) cAMP-responsive transcription factors in the liver G Servillo et al cells Lalli and Sassone-Corsi 1995; Monaco et al., 1995) . cAMP-induced ICER protein levels were con®rmed by Western blot analysis using an anti-CREM antibody (not shown).
ICER expression in the liver
The inducibility of ICER in the H35 cells raised the question of the function of this repressor in liver physiology. In order to investigate whether the expression of the cAMP-inducible repressor ICER increases in vivo, we next decided to determine ICER mRNA and protein levels expression in the rat liver. Previous analysis has demonstrated a basal, low level expression of ICER mRNA in the liver (Stehle et al., 1993) . We ®rst tested whether ICER expression might be induced following intraperitoneal injection of dbcAMP. The analysis revealed a dramatic induction of ICER 2 h following injection ( Figure 2a , lanes 2 ± 4). After 4 h ICER mRNA levels began to decline and by 8 h expression returned to the resting, basal levels. The kinetics of ICER induction in vivo are thus similar to those observed in H35 cells. The RNAse protection analysis also revealed that the induced liver transcripts originate from both transcription start sites (S1 and S2) in the CREM P2 promoter .
Western blots of liver extracts demonstrated induction of ICER protein including and excluding the g-domain from 2 ± 8 h following injection (Figure 2b, lanes 2 ± 4) . Importantly, no inducibility was observed upon treatment with dexamethasone ( Figure 2a , lanes 5 ± 7).
Induction of ICER during liver regeneration
Partial hepatectomy is a well established model to study liver regeneration. The interest of this model system with respect to the present study relates to the involvement of cAMP as second messenger in the proliferation process which follows hepatectomy (Diehl et al., 1992) . Thus, to explore the physiological signi®cance of CREM cAMP inducibility in the liver, we analysed ICER expression in the regenerating liver. In response to the hormonal stimulation which occurs during the ®rst hours following partial hepatectomy, there is a signi®cant increase in the intracellular cAMP levels which accompanies proliferation of the remaining hepatocytes (Butcher, 1963) . In regenerating liver we observed a striking induction of ICER expression (Figure 3a ; lanes 2 ± 10). ICER (a) Rat liver total RNA was analysed after dbcAMP (lanes 2 ± 4) or dexamethasone (lanes 5 ± 7) i.p.injection by RNAse protection using the p75 riboprobe (Stehle et al., 1993) . Lane 1, saline injected control. ICER is strongly inducible in normal hepatic cells (compare lanes 1 and 2). The absence of response after dexamethasone administration (lanes 5 ± 7) demonstrates speci®city of CREM induction. The two arrowheads correspond to ICER transcripts starting at the S1 and S2 initiation sites of the CREM P2 promoter (see Materials and methods). The band in the Dex-treated tissues (lanes 5 ± 7) is nonspeci®c and is present also in non-induced cells (see lane 1 and Figures 1 and 3) . RNA loading was normalized by standard methods and by using the expression levels of the b2- (a) RNAse protection analysis of total RNA from regenerating liver using the p75 riboprobe. Lane 2, non-operated control; lanes 11 ± 13, sham operated controls ICER transcription is strongly induced in the ®rst hours of liver regeneration (lanes 3 ± 10). RNA loading was normalized by standard methods and by using the expression levels of the b2-microglobulin gene as controls (not shown). (b) Western blot analysis of extracts from regenerating liver using the anti-CREM speci®c antibody (Delmas et al., 1993) . The ICER proteins is detectable at 5 h, peaks at 8 h (lane 2, 3) and becomes undetectable at 12 h after PH, demonstrating a short half-life. The two bands correspond to ICER (top band) and ICERg (lower band) (see Figure 2 and Molina et al., 1993) cAMP-responsive transcription factors in the liver G Servillo et al mRNA levels peak 2 h after surgery, persist until 5 h and then signi®cantly decrease by 8 h. Sham operated animals used as control showed a marginal increase of ICER expression (lanes 11 ± 13). These induced ICER transcripts seem to all originate from the S1 transcription start site present in the P2 promoter . As for the H35 cultured cells (Figure 1 ) there is also a transient increase in CREB phosphorylation in hepatectomized animals, as revealed by the use of the anti-pospho-CREB antibody (not shown). Western blot analysis using an anti-CREM antibody shows that ICER proteins begin to rise 5 h after hepatectomy and peak after 8 h ( Figure  3b) . Interestingly, the ICER proteins levels fall to basal values at 12 h, which is relatively early with respect to ICER induction observed in other systems as well as that observed in the liver upon dbcAMP treatment Lalli and Sassone-Corsi, 1995; Monaco et al., 1995) . No changes in CREM expression were observed in other tissues, such as kidney, brain and pituitary gland, upon hepatectomy (not shown).
Discussion
The cAMP-responsive transduction pathway plays a pivotal role in directing the function of both neuroendocrine and non-neuroendocrine systems (Sassone-Corsi, 1995) . Although this signalling pathway is central to the control of hepatocyte proliferation and function in the liver (Diehl and Rai, 1996) , very little has been investigated with respect to the nuclear eectors of this pathway. Here we document, for the ®rst time, dynamic expression of CRE-binding factors in liver and cultured hepatoma cells. We have demonstrated that phosphorylation of the activator CREB in hepatoma cells is induced by activation of the cAMP-dependent pathway (Figure 1) . We have also shown that CREB induced phosphorylation accompanies the increased expression of the repressor ICER both in the hepatoma cell line H35 and in the rat liver ( Figure 1 and data not shown). An important aspect of our ®ndings is related to the induced CREB phosphorylation and ICER expression following partial hepatectomy. In this model system, an increase in cAMP follows hepatectomy in response to hormonal and proliferative stimulation. This induction is known to be biphasic. The ®rst peak occurs 2 to 6 h after partial hepatectomy, while the second peak, which preceeds DNA synthesis, occurs 10 to 16 h after partial hepatectomy (MacManus et al., 1972; Diehl et al., 1992) . While the ®rst peak coincides with ICER inducibility, the second does not. The lack of ICER induction during the second peak may be explained by a refractory period of inducibility for the CREM gene (Sassone-Corsi, 1994; Foulkes et al., 1996) . cAMP has been strongly implicated in the regulation of proliferation during regenerating liver. Experiments in vitro with primary hepatocytes have demonstrated that transient cAMP induction increases DNA synthesis in the presence of Epidermal Growth Factor (EGF), while constant cAMP treatment inhibits DNA synthesis (McGowan et al., 1981; Diehl et al., 1992) . Therefore, we speculate that the ®rst peak of cAMP, and thus the associated increase in ICER expression, is linked with the transient upregulation of genes that are expressed in G1 phase (e.g. c-fos; Kruijer et al., 1986) , during the ®rst hours following hepatectomy. The second peak of cAMP may be more speci®cally linked to the regulation of DNA synthesis. Indeed, this scenario would be in agreement with observations by MacManus et al. (1972) who have demonstrated that pharmacological inhibition of the ®rst cAMP peak does not aect DNA synthesis, while delay of the second peak is sucient to retard DNA synthesis (MacManus et al. 1972) .
Our results on CREB phosphorylation and consequent induction of the ICER repressor in the liver beg the question of which genes may be under the control of these transcription factors. Several hepatocytespeci®c genes have been postulated to be regulated by the cAMP-responsive signalling pathway (Diehl and Rai, 1996) . Our results constitute a ®rst step in the elucidation of the mechanisms involved in the regulation of these genes. An important aspect of the present work is represented by the ICER induction during liver regeneration. Indeed, this observation links, for the ®rst time, the inducibility of the repressor ICER to a proliferative process. The markedly transient induction of ICER protein following PH, which diers from that observed in other systems (Lalli and Sassone-Corsi, 1995; Monaco et al., 1995) , may suggest a distinct function. We have recently described the involvement of CREM gene products in the regulation of cyclin A gene and possibly cell cycle (Desdouets et al., 1995) . In addition, ablation of the CREM gene in the mouse germline by homologous recombination results in an arrest of postmeiotic male germ cell dierentiation and an increase in apoptosis (Nantel et al., 1996) . These observations, together with the results presented here, support the notion that the CREM gene may have a key role in the dierentiation/proliferation decision made by certain cell types in response to activation of speci®c signalling pathways.
Meterials and methods
Cell culture
Reuber H35 rat hepatoma cells were grown in Dulbecco's Modi®ed Eagle's Medium supplemented with 10% foetal calf serum (Taub et al., 1987) . Before forskolin treatment (10 mg/ml) they were serum starved for 3 days.
Animals
Adult male Sprague-Dawley rats (weight 220 ± 250 g) were used. Following intraperitoneal injections of di-butyrylcyclicAMP (dbcAMP) (50 mg/kg body weight; Sigma) and dexamethasone (50 mg/kg body weight; Sigma), animals were sacri®ced at 2, 4 and 8 h. Rats receiving saline injection served as controls.
Surgery was performed in the morning between 08.00 h and 12.00 h under ether anaesthesia. Animals were partial hepatectomized (PH) according to the Higgins and Anderson's procedure (Higgins and Anderson, 1931) removing about 70% of the liver mass. As control, sham operations (SO) were performed (transverse abdominal incision followed by digital manipulation of the liver). Rats were sacri®ced at 2, 5, 8, 12, 18, 24, 48 and 72 h after operation and the liver was rapidly removed and frozen in liquid nitrogen (Della Fazia et al., 1992).
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RNA analysis
RNA was isolated from treated cells as described by Chomczynski and Sacchi (1987) . Liver RNA was obtained by homogenising the tissue in guanidium thiocyanate solution followed by CsCl step gradient centrifugation (Chirgwin et al., 1979; Maniatis et al., 1989) . Approximately 10 mg of cultured cell RNA or 20 mg of liver RNA were analysed by RNase protection using the p75 riboprobe (Stehle et al., 1993) . The p75 probe is 245 nt long and encompasses the ICER transcription start sites. The ICER promoter contains two initiation sites, S1 and S2, located 40 bp apart . Protected transcripts generate a fragment of 122 nt corresponding to initiation at the S1 site (arrowheads in Figures 1 and 3) or two bands corresponding to both S1 and S2 (arrowheads in Figure 2 ).
Immunoblot analysis
Lysates were obtained by harvesting cells in Laemmli sample buer and boiling for 5 min. Liver tissue was homogenised in Laemmli sample buer, boiled and sonicated. Protein extracts were analysed by Western blot using an anti-CREM polyclonal antibody (Delmas et al., 1993) , an anti-phospho Ser 133-CREB antibody (Upstate Biotechnology Incorporated; ref Ginty et al., 1993) or an anti-CREB polyclonal antibody (Delmas et al., 1993) and visualised by the enhanced chemiluminescence system (ECL, Amersham). The anti-phospho-CREB antibody also recognizes the CREMt protein phosphorylated at position S-117 (de Groot et al., 1993; Monaco et al., 1995) . This is visible as a doublet with phospho-CREB in a Western blot (see Figure 1a ).
